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非支撑磷脂双层膜制备及温度对其力学性质的影响
王 洋 颜佳伟* 朱在稳 赵雪芹 钟赟鑫 毛秉伟
(厦门大学化学化工学院化学系, 固体表面物理化学国家重点实验室, 福建 厦门 361005)
摘要: 结合聚苯乙烯球刻蚀和微机电系统技术加工氮化硅纳米多孔膜, 并在其上用囊泡法制备非支撑磷脂双
层膜, 通过温控原子力显微术(AFM)的成像模式和力曲线模式对非支撑磷脂双层膜的形貌和力学性质进行研
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Abstract: Nanoporous silicon nitride membranes are fabricated by combining polystyrene colloidal
lithography with Micro-Electro-Mechanical Systems, and then freestanding bilayer lipid membranes are
constructed across the nanopores by the vesicle method. The topography and mechanical properties of the
freestanding bilayer lipid membranes are investigated using the imaging and force curve modes of
variable-temperature atomic force microscopy (AFM). The fluidity and self-repair of the freestanding bilayer
lipid membranes are observed by AFM, which gives enough freestanding area for further investigations.
Force curve measurements demonstrate that both breakthrough and adhesion forces decrease as the
temperature increases; i.e., the mechanical stability of freestanding bilayer lipid membranes decreases as
the temperature rises. The breakthrough force of freestanding bilayer lipid membranes is smaller than that
of supported membranes. Moreover, the adhesion force of freestanding bilayer lipid membranes varies in
the opposite manner to that of supported membranes.
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浓硫酸(H2SO4), 双氧水(H2O2), 浓盐酸(HCl), 氢
氟酸(HF), 氨水(NH3·H2O), 高氯酸(HClO4), 硝酸铈
铵((NH4)2Ce(NO3)6), 乙醇(C2H5OH), 丙酮(C2H3O), 甲
苯(C7H8), 甲醇(CH3OH), 三氯甲烷(CHCl3), 氯化钾




刻胶(BP 212正性光刻胶, 北京化学试剂研究所); 显
影液(RZX-3038正胶显影液, 苏州瑞红公司); 聚二
烯丙基二甲基氯化铵(PDDA, 20% (质量分数), MW=
100000-200000, Alfa Aesar); 聚苯乙烯球(PS球, 直
径为 200 nm, Duke Scientific, USA); 铬块(Cr, 纯度
99.2%, Alfa Aesar); 磷脂 1,2-dimyristoy-sn-glycero-3-






仪器厂), 匀胶机 ( 中国中科院微电子研究所),
DQ-500双管等离子体去胶机(中国石家庄开发达神


















行亲水化修饰, 亲水化过程如下: (1) 将多孔氮化硅
膜依次用丙酮、乙醇、超纯水清洗 5 min, 用N2吹干;
(2) 将清洗过的氮化硅芯片置于体积比 V(NH3·












































Fig.1 Optical image of (a) top-view and (b) bottom-view of freestanding nanoporous silicon nitride membrane;
(c) AFM image of nanopores of freestanding nanoporous silicon nitride membrane (image size: 5 μm×5 μm) and
the cross sectional profile corresponding to the white line
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都是液相环境. 图2b为400 nm×400 nm范围内的原
子力显微镜图像, 但在此条件下仍难以观察到非支
撑磷脂双层膜的精细结构. 图2c为图2a中实线处的
剖面线, 可以看到磷脂双层膜的厚度为 4.5 nm 左
右, 这与文献中报道的平面磷脂双层膜的厚度一
致. 图 2d为图 2a中虚线处的剖面线, 此剖面线经过
两个孔, 测量所得的孔 1深度明显要比孔 2深度小,












Fig.2 AFM images of DMPC free-standing bilayer lipid membranes
(a) image size: 5 µm×5 µm; (b) image size: 400 nm×400 nm; (c) cross-sectional profile along the solid line in Fig.a;
(d) cross-sectional profile along the dashed line in Fig.a
图3 表现出流动性的DMPC非支撑磷脂双层膜原子力显微镜图像
Fig.3 AFM images of DMPC free-standing bilayer lipid membranes showing the fluidity
Image b was recorded 2 h after image a, image size: 10 µm×10 µm
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生相互作用时, 力值开始增加, 力曲线出现转折, 即
B处; 随着针尖的继续运动, 针尖和非支撑磷脂双层
膜的作用力逐渐增大, 直到非支撑磷脂膜承受不


















线的膜破力而得到. 以 30 °C温度下获得的膜破力
统计分布情况为例(见图 5a), 膜破力的统计分布符














Fig.4 Typical force curve of DMPC free-standing
bilayer lipid membranes
图5 (a) DMPC非支撑磷脂双层膜30 °C下膜破力统计图;
(b) 膜破力随温度的变化曲线
Fig.5 (a) Histogram of threshold force value for DMPC
free-standing bilayer lipid membrane at 30 °C; (b)









力也会产生一定的差异. 图5b表明, 在23 °C左右膜
破力变化较显著, 而相对偏离23 °C时, 膜破力变化
较为缓慢. 差示扫描量热仪(DSC)测试表明, DMPC



























力约为 0.064 nN. 通过统计得到的 16、20、23、26 °C
四个温度下的粘滞力分别为 0.257、0.154、0.109、
0.087 nN. 图 6b为粘滞力随温度的变化曲线, 从图
中可知, 随着温度的逐渐增大, 粘滞力逐渐减小. 据
文献报道, 支撑磷脂双层膜的粘滞力随着温度升高





















图6 (a) DMPC非支撑磷脂双层膜30 °C温度下粘滞力统
计图; (b) 粘滞力随温度的变化曲线
Fig.6 (a) Histogram of adhesion force value for DMPC
free-standing bilayer lipid membrane at 30 °C;
(b) influence of temperature on the adhesion force value
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